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FIG. 2
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1

MULTI-LEVEL CELL PROGRAMMING
USING OPTIMIZED MULTIPHASE
MAPPING WITH BALANCED GRAY CODE

BACKGROUND

The growing demand for high capacity storage devices
has catalyzed the use of multi-level not and (NAND) tlash
memory cells, which include multi-level cells (MLC, 2 bits
per cell), triple level cells (TLC, 3 bits per cell), quad level
cells (QLC, 4 bits per cell), and higher capacities. As the
number of bits stored 1n a memory cell increases, the level
of precision required for reliable data programming also
becomes stricter 1n tandem. Existing approaches for precise
programming of multi-level cells may demand additional
hardware resources, which increases the complexity and
cost of the storage device while reducing available space for
other productive uses. Thus, there 1s a need for a more
ellicient method of programming multi-level cells.

The description provided in the background section
should not be assumed to be prior art merely because 1t 1s
mentioned 1n or associated with the background section. The
background section may include information that describes
one or more aspects of the subject technology, and the
description 1n this section does not limit the mvention.

BRIEF DESCRIPTION OF THE DRAWINGS

A detailed description will be made with reference to the
accompanying drawings:

FIGS. 1A, 1B and 1C 1illustrate examples of program
distributions after a first programming phase in MLC mode
and a second programming phase mm QLC mode using a
multiphase mapping.

FIG. 2 illustrates an example of calculating an average
voltage change between program distributions after a first
and second programming phase using a multiphase map-
ping.

FIGS. 3A, 3B and 3C 1illustrate examples of program
distributions after a first programming phase in MLC mode
and a second programming phase 1 QLC mode using an
optimized multiphase mapping with a balanced Gray code.

FIGS. 3D, 3E and 3F illustrate examples of program
distributions after a first programming phase in MLC mode
using variable MLC state widths and a second programming,
phase 1n QLC mode using an optimized multiphase mapping,
with a balanced Gray code.

FIG. 4 1s a flowchart 1llustrating an example process for
programming multi-level memory cells using an optimized
multiphase mapping with a balanced Gray code.

FIG. 5 1s a block diagram 1illustrating components of an
example data storage system.

DETAILED DESCRIPTION

The detailed description set forth below 1s intended as a
description of various configurations of the subject technol-
ogy and 1s not intended to represent the only configurations
in which the subject technology may be practiced. The
appended drawings are incorporated herein and constitute a
part of the detailed description. The detailed description
includes specific details for the purpose of providing a
thorough understanding of the subject technology. However,
the subject technology may be practiced without these
specific details. In some 1nstances, structures and compo-
nents are shown in block diagram form in order to avoid
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obscuring the concepts of the subject technology. Like
components are labeled with 1dentical element numbers for
case ol understanding.

The present description relates in general to data storage
systems and methods, and more particularly to, for example,
without limitation, providing programming of multi-level
memory cells using an optimized multiphase mapping with
a balanced Gray code. Due to hardware and physical 1imi-
tations among other factors, memory cells are often pro-
grammed nto a limited voltage range, such as approxi-
mately 6.2 V. For multi-level cells with a large number of
bits per cell, a corresponding large number of distributions
needs to be programmed. For example, when including the
erased state, QLC memory cells are programmed mto 16
distributions corresponding to 2* possible states for storing
4 bits of data within a limited voltage range, such as 6.2 V.
It may not be feasible to precisely program these distribu-
tions 1n a single programming pass.

One approach to provide the required programming pre-
cision for multi-level cells 1s to use a foggy-fine program-
ming approach. For example, when programming QLC
memory cells, a first foggy phase may coarsely program 4
bits of data for each memory cell mto wide overlapping
distributions that are below target voltages, whereas a sec-
ond fine phase may precisely program the same 4 bits of data
for each memory cell to extend into narrower distributions
containing the target voltages. However, since the QLC
memory cells programmed 1n the first foggy phase may be
unreadable due to the overlapping distributions, read disturb
cllects, and other factors, the data programmed 1n the first
foggy phase also needs to be stored 1n an intermediate butler
so that the second fine phase can program the correct voltage
difference.

One approach for providing such an intermediate builer 1s
to reserve high endurance memory, such as single level cells
(SLC), as a cache for storing the foggy phase data. Using
non-volatile memory can provide resilience against power
failures to maintain data integrity, and may be more cost
cllective than using volatile random access memory. How-
ever, since SLC provides lower storage density and requires
higher cost compared to multi-level memory cells, using
SLC still increases the overall cost of the storage device and
reduces available device space for other productive uses
such as storing user data and overprovisioning. Accordingly,
the capacity, endurance, performance, and cost eflectiveness
of the storage device may be limited when using a foggy-fine
programming approach.

One or more implementations of methods and systems are
provided for programming of multi-level memory cells
using an optimized multiphase mapping with a balanced
Gray code. In this approach, an optimal multiphase mapping
1s selected from candidate mappings to transition from a first
phase of programming to a second phase of programming.
The multiphase mapping may be selected based on finding
a solution to an optimization problem, wherein the optimi-
zation minimizes an average voltage change of the states 1n
the second phase from the first phase. This minimization
helps to reduce the programming time for the second phase.

Further, the search scope of the optimization problem may
be trimmed to include a second phase that results in a
balanced Gray code, which helps to optimize the read speed
of the programmed memory cells. A Gray code i1s an
encoding wherein adjacent codes differ by only one bat,
which enables more eflicient error correction. Examples of
a balanced Gray code are described later with reference to
various figures.
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In an example for programming QLC memory cells, a first
phase programs the memory cells mn a MLC mode. The
target programming distributions in the first phase may be
configured such that the memory cells are readable after
programming, and may be adjusted to target specific desir-
able characteristics. For example, narrow target distributions
may enable reduced or no error correction when reading,
whereas wider target distributions may enable faster pro-
gramming during the first phase.

As the memory cells are readable after the first phase, the
second phase can read the programmed data directly from
the memory cells 1 preparation for programming the
memory cells m a QLC mode. By using the selected
multiphase mapping, the correct voltage difference can be
determined to program the memory cells from their MLC
states 1nto their final QLC states. As a result, this approach
enables the omission of a bufler or cache to store the data
programmed during the first phase, which helps to simplify
storage device design and frees device space for other
productive uses such as storing user data or overprovision-
ng.

One or more implementations of the subject technology
provide several performance benefits that improve the func-
tionality of a computer. As discussed above, a foggy-fine
programming approach requires a bufller or cache to be
reserved on the device, which in turn reduces space available
for other productive purposes. Since the described multi-
phase programming procedure can read back the data
directly from the programmed memory cells, the buller or
cache can be omitted, thereby reclaiming dewce space for
user data, overprovisioning, or other purposes. High endur-
ance non-volatile memory suitable for the cache, such as
SLC memory cells, can be expensive, and thus the omission
of the cache may help to improve the cost eflectiveness of
the storage device. Additionally, by using the reclaimed
device space for user data, overprovisioning, or other pur-
poses, various performance metrics of the storage device can
be 1mproved, such as write endurance, read/write band-
width, read/write latency, and/or storage capacity. In turn, a
host computer coupled to the storage device also receives
the benefits of the storage device’s improved performance.

Further, as discussed above, the multiphase mapping may
be optimized to mimmize an average voltage change
between phases, which 1n turn reduces programming time.
The target distributions for the first phase can be adjusted to
be narrow to reduce or eliminate error correction, or alter-
natively the target distributions can be adjusted to provide
wider voltage tolerances. In either case, the programming,
time can be reduced to improve the write performance of the
storage device.

FIGS. 1A, 1B and 1C 1illustrate examples of program
distributions after a first programming phase in MLC mode
and a second programming phase mm QLC mode using a
multiphase mapping. FIG. 1A includes distribution 110,
FIG. 1B includes distribution 120, and FIG. 1C includes
mapping 130. While the example illustrated 1n FIGS. 1A,
1B, and 1C demonstrate a MLC to QLC mapping, it should
be understood that the described techniques are generally
applicable to multiphase programming of multi-level
memory cells with various numbers of bits per cell. Thus,
one or more aspects of the present technology may utilize
memory cells with any number of states.

Distribution 110 of FIG. 1A may represent a voltage
distribution after programming a first phase, wherein QLC
memory cells are programmed 1n a MLC mode. As shown
in distribution 110, four distributions corresponding to the
erased state (ER, mapped to *“117), first state (AA, mapped
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to “10”), second state (BB, mapped to “007"), and third state
(CC, mapped to “01”) are programmed into a voltage range
from 0 to Max1 volts. Max1 may be set to approximately 5
volts, for example. Programming of the first phase may use
any suitable MLC programming technique. For example,
programming and verily pulses may be alternated until the
last verily pulse indicates that all of the programmed
memory cells meet or exceed the program verily voltage for
the desired program state. As shown in distribution 110, the
MLC mode uses a 1-2 Gray code, wherein the upper page
(UP) has one transition (between the AA and BB states) and
the lower page (LP) has two transitions (first between the ER
and AA states, and second between the BB and CC states).

FIG. 1B may represent a voltage distribution after pro-
gramming a second phase, wherein the QLC memory cells
programmed 1n FIG. 1A are extended into a QLC mode. As
shown 1n distribution 120, the voltage range widens to
Max2, which may be approximately 6.2 volts, for example.
Sixteen (16) distributions are present in distribution 120,
which correspond to the erased state (ER, mapped to
“11117), first state (A, mapped to “1110”"), second state (B,
mapped to “1100), and so forth until the fifteenth state (0,
mapped to “01117"). As shown 1n distribution 110 and 120,
QLC states are indicated with the same shading as their
respective MLC states prior to the second phase. For
example, QLC states “ER”, “A”, “B” and “C” that are
extended from the MLC state “ER” all share the same
diagonal cross shading.

To extend distribution 110 into distribution 120, the
second phase of programming may begin by reading the
existing programmed data 1n the memory cells after the first
phase, or the MLC bits (UP and LP), which correspond to
the upper QLC bits (TP and UP). Note that the mapping of
the MLC baits to the upper QLC bits 1s arbitrarily chosen for
mapping 130, and alternative mappings may be used.
According to the 4 data bits to be programmed 1n each
memory cell, for example according to data from a write
operation, mapping 130 can be used to determine how much
additional voltage, 11 any, needs to be programmed 1nto each
memory cell to extend the original MLC state into a final
QLC state.

For example, in one approach, it the data to be pro-
grammed 1nto a particular memory cell corresponds to the
bits “1000” and a read of the particular memory cell deter-
mines a read voltage within the MLC “10” distribution or
MLC state “AA”, then according to mapping 130, the final
state mapping to “1000” corresponds to QLC state “E”,
which has a target voltage corresponding to the middle of a
voltage distribution for the QLC state “E”. Thus, the addi-
tional voltage to program can be determined from a differ-
ence between the target voltage and the determined read
voltage.

For illustrative purposes, mapping 130 1n FIG. 1C directly
maps each MLC state in the first phase into 4 adjacent QLC
states 1n the second phase. As shown 1n mapping 130, this
results 1n an unbalanced 1-2-4-8 Gray code. Thus, 8 state
transitions are present in the QLC lower page (LP), causing
long read times to be incurred to distinguish between the 8
state transitions. To avoid this undesirable characteristic, an
optimal mapping can be determined that provides a balanced
Gray code to minimize state transitions for all memory
pages.

FIG. 2 illustrates an example of calculating an average
voltage change between program distributions 210 and 220
alter respective first and second programming phases using
a multiphase mapping. Distribution 210 1s for the first phase
and may correspond to distribution 110. Distribution 220 1s
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for the second phase and may correspond to distribution 120.
FIG. 2 also includes formula 240A and formula 240B {for

respective equations 1 and 2. A first phase may be 1 a
first-level cell mode (e.g., an MLC mode). A second phase
may be 1n a second-level cell mode (e.g., a QLC mode).
A voltage change for each QLC state in distribution 220
for the second phase can be calculated with respect to 1ts
original MLC state in distribution 210, as illustrated by
formula 240A. As shown 1n FIG. 2, the middle of each state

distribution 1s the assumed voltage for each state distribu-
tion. Thus, V. 1s the voltage in the middle of the MLC state
“BB” distribution, and V .- 1s the voltage 1n the middle of the

QLC state “K” distribution. For purposes of illustration,
only MLC state “BB” and QLC state “K” are shaded 1n FIG.

2. The mapping between QLC states and their respective
original MLC states can be determined by a mapping, such
as mapping 130.

For example, a voltage change for QLC state “K” can be
calculated using formula 240A, or AV .=V .~V ... The value
AV, 1s the additional programming voltage used i1n the
second phase to extend from MLC state “BB” 1n the first
phase to QLC state “K” 1n the second phase. Since pro-
gramming time 1s directly proportional to programming
voltage, a smaller voltage change 1s desirable to reduce
programming time, which in turn increases write perior-
mance by increasing write bandwidth and reducing write
latency.

By applying formula 240A to each of the QLC states in
distribution 220, the voltage change for each of the 15 QLC
states can be determined. Note that MLC state ER to QLC
state ER can be omitted as no programming takes place in
this case. Once all of the voltage change values are deter-
mined, an average voltage change or mean AV can be
determined using formula 240B. As discussed above, mini-
mizing voltage change 1s desirable to improve programming,
time and write performance. Thus, to determine an optimal
mapping, one optimization criteria may correspond to mini-
mizing the average voltage change or mean AV.

Specifically, as indicated by formula 240B, minimizing
the average voltage change may include determining a total
voltage change caused by the second phase. The total

voltage change may be calculated by adding together all of

the voltage changes of the programming levels 1n a second-
level cell mode (e.g., for a QLC mode shown in FIG. 2,
adding the voltage changes for the QLC states “A” through
“0” 1n distribution 220). This total voltage change is then
divided by the maximum number of programming levels 1n
the second-level cell mode, or 15 for a QLC mode, to
determine the average voltage change.

It 1s desirable to minimize this average voltage change, for
example, by satistying a threshold voltage range. In one
example, the threshold voltage range may correspond to
greater than O but less than or equal to 1.2 volts. In another
example, the threshold voltage range may correspond to
greater than O but less than or equal to 1.4 volts. In yet
another example, the threshold voltage range may corre-
spond to greater than O but less than or equal to 1.6 volts.
While 1.2, 1.4, and 1.6 volts are provided as sample upper
ranges, another voltage may be selected for the upper range.

Alternatively, rather than using absolute values, the upper
range of the threshold voltage range may correspond to a
percentage of the maximum voltage range in the second
phase. For example, the upper range may correspond to 25%
of the maximum voltage range 1n the second phase. Using
distribution 320 1n FIG. 3B as an example, the upper range
corresponds to 25% of Max4. While 25% 1s provided as one
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example percentage, the percentage may be selected from
other values, such as 20%, 15%, and 10%.

Note that formula 240B provides an equal weighting for
cach of the voltage change values associated with QLC
states “A” through “O”. One or more aspects of the present
technology may utilize individual weights for one or more of
the voltage change values in formula 240B. For example, i
an analysis of data patterns for a particular application
indicates that the QLC state “O” tends to be written with a
greater frequency compared to the other QLC states, then the
voltage change value associated with the QLC state “O”
may be scaled accordingly using a weight coetlicient.

FIG. 2 illustrates the calculation of average voltage
change or mean AV, which can be used as one optimization
criterion for selecting an optimal mapping from candidate
mappings. For example, to determine mapping 330 in FIG.
3C, mapping 330 may be selected from a list of candidate
mappings based on finding a solution to an optimization
problem, as discussed in further detail below. One optimi-
zation criterion may be to select a mapping wherein an
average voltage change of the mapping satisfies a threshold
voltage range, as discussed above.

The threshold voltage range may also be based on the
available candidate mappings. For example, the threshold
voltage range may include candidate mappings having the
10% lowest average voltage change values, while excluding
the remaining 90%. Of course, different percentages may be
used. In another example, the threshold voltage range may
include candidate mappings that do not exceed a predeter-
mined value or percentage deviation of an estimated best
candidate having an estimated smallest average voltage
change. Other criteria for satisfying the threshold voltage
range may be applied based on heuristics, statistical analy-
s1s, sorting, and other approaches.

Other optimization criteria and restraints may also be used
to further optimize the selected mapping. For example, one
restraint may specity that the mapping provides a balanced
Gray code. FIG. 3A-3C present an example mapping 330
that provides such an optimized mapping with a balanced
Gray code.

FIGS. 3A, 3B and 3C illustrate examples of program
distributions after a first programming phase 1n MLC mode
and a second programming phase in QLC mode using an
optimized multiphase mapping with a balanced Gray code.
FIG. 3A includes distribution 310, FIG. 3B includes distri-
bution 320, and FIG. 3C includes mapping 330. As with
FIGS. 1A, 1B and 1C, a MLC to QLC mapping 1s specifi-
cally demonstrated but one or more aspects of the present
technology may utilize memory cells with any number of
states.

Comparing the non-optimized examples shown in FIG.
1A-1C to the optimized examples shown 1 FIG. 3A-3C,
various differentiating factors can be observed. For example,
the distributions or widths of the MLC states are narrower in
distribution 310 compared to distribution 110. More specifi-
cally, while the MLC state widths are approximately four (4)
QLC state widths 1n distribution 110, the MLC state widths
are approximately three (3) QLC state widths 1n distribution
310. Thus, the width of the distribution for a MLC state 1n
distribution 310, such as MLC state “CC”, 1s less than the
sum of the width of the distributions for the corresponding
four (4) mapped QLC states, or QLC states “J”, “K”, “N”,
and “0O”. Narrower distributions may correspond to longer
programming times due to the higher programming preci-
sion. Conversely, wider distributions may correspond to
faster programming times. In this case, the width of the
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distribution for a MLC state may be greater than the sum of
the width of the distributions for the corresponding mapped
QLC states.

Further, as shown in FIG. 3A, the voltage range for the
first phase, or Max3 in distribution 310, may also be reduced
when compared to distribution 110. For example, Max3 may
be approximately 4.2 volts, which 1s less than the 5.0 volts
of Max1. Since the MLC state widths are narrower 1n
distribution 310, the voltage range may also be reduced 1n
tandem. Alternatively, the narrower MLC distributions may
enable further spacing apart of state distributions 1n distri-
bution 310, which may result in maintaining the same
voltage range (Max1=Max3) or increasing the voltage range
(Max3>Max1). Stmilarly, 11 a wider MLC distribution was
selected for distribution 310, then Max3 may be larger than
Max1, such as 3.5 volts, for example, to accommodate the
wider state distributions.

On the other hand, the voltage range for the second phase

may be maintained for both distribution 120 and distribution
320, wherein Max4 1s also set to 6.2 volts (Max2=Max4).
Maintaining the voltage range of the second phase may be
preferable to avoid reducing the width of the QLC state
distributions, which in turn maintains reading speed of data
in distribution 320.

While narrower distributions may require higher preci-
sion for programming, narrower distributions may also
enable the distributions to be further spaced apart, which 1n
turn enables less stringent error correction for accelerated
read speeds. For example, while the MLC states 1n distri-
bution 110 are adjacent to each other, MLC state “CC” in
distribution 310 1s separate and offset from the other MLC
states. This allows memory cells programmed 1n the MLC
state “CC” to be read quickly with minimal or no error
correction. Thus, at least a subset of the data read in
distribution 310 may be read with minimal or no error
correction. The MLC state widths and positions can there-
fore be adjusted 1n various different configurations to attain
corresponding performance benefits, as further discussed
below 1 conjunction with FIG. 3D.

As previously discussed, mapping 130 corresponds to a
simple mapping wherein each MLC state 1s directly mapped
to four adjacent QLC states, resulting 1n an unbalanced Gray
code. On the other hand, mapping 330 demonstrates an
example optimized mapping that results 1n a balanced Gray
code. As shown 1n mapping 330, each MLC state maps to
four QLC states that are not necessarily adjacent to each
other. However, as a constraint, since a NAND memory cell
cannot be programmed to a lower voltage without erasing
the entire flash block containing the memory cell, the MLC
state to QLC state transitions in mapping 330 are con-
strained to maintain or increase voltages only. Thus, as
shown 1n mapping 330, the state transitions do not move to
the left, which would result in a decreased voltage. This
positive voltage constraint will be discussed 1n greater detail
in conjunction with the voltage tails described 1n FIGS. 3D,
3E, and 3F.

Note that the sum of the transition counts for all of the
pages 1n mapping 330 corresponds to or does not exceed the
maximum number of programming levels. For example,
FIG. 3C illustrates a maximum of 16 QLC states (e.g., the
ER,A,B,C,D,E, F, G, H I J,K, L, M, N, and O states).
In this example, the maximum number of programming
levels for the QLC mode 1s 15 (e.g., 16—1=15). Here, the
Gray code or the transition counts for the four pages are
represented by 3-4-4-4, and the sum of the transition counts
tor all four pages 1n mapping 330 1s 15 (3+4+4+4=15).
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In one or more examples, a balanced Gray code may be
satisfied when a diflerence between transition counts of any
two pages of the memory pages does not exceed a prede-
termined transition count difference. The predetermined
transition count difference may be one (1). For example,
when examining the 3-4-4-4 Gray code of mapping 330, a
difference can be calculated between the transition counts of
any two pages selected from the top page (TP), upper page
(UP), middle page (MP), and lower page (LP). This may
include calculating the difference for each of the following
memory page pairs: (1) TP and UP, (2) TP and MP, (3) TP
and LP, (4) UP and MP, (5) UP and LP, and (6) MP and LP.
When a Gray code i1s configured such that each of these
differences does not exceed 1, then the Gray code 1s a
balanced Gray code.

For example, for a 3-4-4-4 Gray code, the TP has 3
transition counts, the UP has 4 transition counts, the MP has
4 transition counts, and the LLP has 4 transition counts. The
difference between the transition counts of TP and UP 1s 1.
The difference between the transition counts of TP and MP
1s 1. The difference between the transition counts of TP and
LP 1s 1. The difference between the transition counts of UP
and MP 1s 0. The difference between the transition counts of
UP and LP 1s 0. The difference between the transition counts
of MP and LP 1s 0. Thus, for all the memory page pairings
of the memory pages, the diflerence between the transition
counts does not exceed 1, and the 3-4-4-4 Gray code 1s
therefore balanced.

In one or more examples, a balanced Gray code may also
be satisfied when a difference between transition counts
between every two adjacent pages of the memory pages does
not exceed a predetermined transition count difference. The
predetermined transition count diflerence may be one (1).
For example, when examining the 3-4-4-4 Gray code of
mapping 330, a difference can be calculated between the
transition counts of every two adjacent pages, such as (1) top
page (TP) and upper page (UP), (2) upper page (UP) and
middle page (MP), (3) middle page (MP) and lower page
(LP), and (4) lower page (LP) and top page (TP). In this
example, LP and TP are a wraparound pair and thus, they are
considered to be two adjacent pages. When a Gray code 1s
configured such that each of these differences does not
exceed 1, then the Gray code 1s a balanced Gray code.

For example, for a 3-4-4-4 Gray code, the TP has 3
transition counts, the UP has 4 transition counts, the MP has
4 transition counts, and the LLP has 4 transition counts. The
difference between the transition counts of TP and UP 1s 1.
The difference between the transition counts of UP and MP
1s 0. The difference between the transition counts of MP and
LP 1s 0. The difference between the transition counts of LP
and TP 1s 1. Thus, for every two adjacent pairings of the
memory pages, the difference between transition counts
does not exceed 1, and the 3-4-4-4 Gray code 1s therefore
balanced. Thus, the 3-4-4-4 Gray code of mapping 330 1s a
balanced Gray code.

A balanced Gray code enables faster read operations since
the maximum number of transitions to distinguish for each
memory page 1s minimized. For example, when using a
3-4-4-4 balanced Gray code, the read operation distin-
guishes up to four (4) transitions for each memory page.
Accordingly, the read operation does not bottleneck on any
particular memory page having a significantly higher num-
ber of transitions relative to the other memory pages, such
as with the 8 transition count of the lower page (LP) 1n
mapping 130.

In mapping 330, the mappings from the MLC states to the
QLC states may be chosen such that the average voltage
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change or mean AV 1s minimized, as discussed in conjunc-
tion with FIG. 2 above, while being constrained to provide
a balanced Gray code, as discussed immediately above.
Specifically, one way to approach this selection 1s to solve
an optimization problem, wherein the candidates correspond
to various possible multiphase mappings, and the optimiza-
tion criteria include minimizing the average voltage change
while adhering to the constraint of providing a balanced
Gray code.

To solve the optimization problem, various algorithms
such as dynamic programming, linear programming, heu-
ristic searches, Monte Carlo algorithms, and other
approaches may be used to obtain a solution. Further, the
search space may be pruned to exclude solutions with
unbalanced codes, so that only balanced Gray codes remain.
Since the number of candidate solutions may still be large,
such as 500,000, testing and validating the various candi-
dates may take significant time. For example, it may be
desirable to test the candidates under real world operating
conditions to confirm anticipated performance.

Once a particular solution has been determined and vali-
dated as having the desired performance characteristics, the
mapping can be stored as a predetermined value for use by
a storage device or memory controller, such as data storage
system 500 or controller 507 i FIG. 5. The example
mapping shown i mapping 330 corresponds to one such
validated solution. Thus, finding a mapping only incurs a
one-time pre-processing computation that does not need to
be executed by the controller.

FIGS. 3D, 3E and 3F illustrate examples of program
distributions after a first programming phase in MLC mode
using variable MLC state widths and a second programming,
phase 1n QLC mode using an optimized multiphase mapping,
with a balanced Gray code. FIG. 3D includes distribution
340, FIG. 3F includes distribution 350, and FIG. 3F includes
mapping 360. As with FIGS. 1A, 1B and 1C, a MLC to QLC
mapping 1s specifically demonstrated but one or more
aspects of the present technology may utilize memory cells
with any number of states.

As shown 1n distribution 340, the voltage distributions
can be variable width and may not be uniform width for all
of the MLC states. For example, the MLC states “AA” and
“BB” have a narrower distribution compared to the MLC
state “CC”. Further, the use of narrower distributions allows
the MLC states 1n distribution 340 to be separated by larger
margins. Thus, error correction can be reduced or eliminated
when reading memory cells programmed according to dis-
tribution 340. Conversely, i the MLC states use wider
distributions, then programming speed can be increased at
the cost of increased error correction. As the benefits from
selecting wider versus narrower MLC distributions may
represent various tradeofls, the MLC state distribution
widths may be tailored according to measured performance,
application use cases, device firmware, hardware con-
straints, ease of implementation, or other criterna.

In distribution 340, each MLC state after the ER state 1s
identified as having a corresponding voltage tail, which
identifies the maximum voltage for each respective voltage
distribution. To adhere to the positive voltage constraint
described previously, the voltage tail for the first mapped
(leftmost) QLC state 1n distribution 350 should meet (align)
or exceed (be positioned to the right of) the voltage tail of
the corresponding MLC state in distribution 340. For
example, observing the MLC state “AA”, 1t can be seen that
the first mapped QLC state corresponds to QLC state “C”.
Accordingly, the voltage tails to be compared are Tail , , and
Tail .. Since T

lail~ 1s equal to or greater than (aligns or
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exceeds) Tailor, mapping 360 remains a valid mapping for
MLC state “AA”. Similar observations can be made for
MLC states “BB” and “CC”, as shown 1n distribution 350.
This can be confirmed visually by the arrows in mappmg
360 pointing down or right, but not to the left. A mapping
that does not meet the positive voltage constraint for all
MLC states can be determined to be mvalid and removed
from consideration.

FIG. 4 1s a flowchart 1llustrating an example process 400
for programming multi-level memory cells using an opti-
mized multiphase mapping with a balanced Gray code. One
or more blocks of FIG. 4 may be executed by a computing
system (including, e.g., a controller of a flash memory, a data
storage controller of a data storage system or a solid state
storage device (SSD), a processor, or the like). Examples of
a computing system or a controller may be controller 501
and/or 3507. Similarly, a non-transitory machine-readable
medium may include machine-executable instructions
thereon that, when executed by a computer or machine,
perform the blocks of FIG. 4. The steps of process 400 may
be implemented as hardware/firmware or soitware.

In block 411, referring to FIG. 5, controller 307 programs,
in a first phase, a first portion of data into NAND array 508
in a first-level cell mode. For example, controller 501 may
first receive a data write operation from host 304. Controller
501 may then use a flash translation layer (FTL) to route the
received data write operation to one or more tlash memory
503 for processing by a respective controller 507. Referring
to FIG. 5 and FIG. 3A, controller 507 may program, 1n a
MLC mode, a first portion of data corresponding to the two
most significant bits for each nibble (4 bits) of data in the
write operation received from host 504. The selection of the
most significant bits 1s arbitrary and any selection of bits
may be used. The selected bits may then be mapped to the
MLC upper page (UP) and the MLC lower page (LP) for
programming 1nto memory cells of NAND array 508. After
controller 507 completes programming, the memory cells
may be read as distribution 310.

In block 412, referring to FIG. S, controller 507 reads,
from NAND array 3508, the first portion of data programmed
in block 411. In this example, the first portion of data
corresponds to the two most significant bits of each nibble
in the data write operation. Since block 411 1s programmed
in a first-level cell mode or MLC mode rather than a foggy
mode, the data can be read back directly from NAND array
508, thereby enabling a bufler or cache to be omitted for
storing the first portion of data.

In block 413, referring to FIG. 5 and FIG. 3C, controller
507 programs, 1 a second phase, a second portion of the
data into NAND array 508 in a second-level cell mode,
wherein programming the second phase 1s based on apply-
ing, to the first portion of data read from block 412, mapping
330 from the first-level cell mode to the second-level cell
mode. As shown 1n FIG. 3C, mapping 330 1s from a MLC
mode to a QLC mode. Referring to FIGS. 3A and 3B, the
MLC upper pages (UP) and MLC lower pages (LP) read n
block 412 are carried over to the QLC top pages (TP) and
QLC upper pages (UP). Thus, based on the remaining bits 1n
cach nibble 1n the data write operation, or the two least
significant bits 1n this example, the bits for the QLC middle
pages (MP) and QLC lower pages (LP) can be determined.
Based on the determined 4-bit codes, the matching QLC
state can be determined and the corresponding voltage
difference to program can be applied to each memory cell.
Note that blocks 412 and 413 may be executed 1n a pipelined
manner to avoid usage of an intermediate builer or cache to
store the read of block 412.
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In block 414, reterring to FIG. 5, controller 507 deter-
mines the mapping based on minimizing an average voltage
change of the memory cells from the first phase (e.g., after
programming 1n MLC mode) to the second phase (e.g., after
programming in QLC mode) while maintaining a balanced
Gray code for memory pages in the second-level cell mode
(QLC mode). As discussed above, the mapping 330 may be
selected from candidate mappings based on determining a
solution to an optimization problem. Various algorithms are
known for providing a solution to such optimization prob-
lems. As discussed above, a balanced Gray code can be
ensured when adjacent memory pages or any two memory
pages does not exceed a predetermined transition count
difference, such as 1, and a sum of the transition counts for
all of the memory pages does not exceed a maximum
number of programming levels in the second-level cell mode
(e.g. 15 for QLC). Mappings that do not meet these con-
straints may be pruned from the candidate mappings. The
3-4-4-4 Gray code of mapping 330 1s one example of a
balanced Gray code that may be selected as a solution to the
optimization problem, which may be stored for use by
controller 507. Thus, prior to block 413, the mapping of
block 414 may be selected by an external system and stored
for retrieval by controller 507.

FIG. 5 1s a block diagram 1illustrating components of an
example data storage system, according to aspects of the
subject technology. As depicted in FIG. 5, 1n some aspects,
data storage system 300 (e.g., a solid state drive) includes
data storage controller 501, storage medium 502, and flash
memory array 310 including one or more flash memory 503.
Controller 501 may use storage medium 302 for temporary
storage of data and information used to manage data storage
system 300. Controller 501 may include several internal
components (not shown) such as a read-only memory, a flash
component interface (e.g., a multiplexer to manage nstruc-
tion and data transport along a serial connection to flash
memory 303), an I/O 1interface, error correction circuitry,
and the like. In some aspects, all of these elements of
controller 501 may be integrated into a single chip. In other
aspects, these elements may be separated on their own PC
board.

In some 1mplementations, aspects of the subject disclo-
sure may be implemented 1n data storage system 3500. For
example, aspects of the subject disclosure may be integrated
with the function of data storage controller 501 or may be
implemented as separate components for use 1 conjunction
with data storage controller 501.

Controller 501 may also include a processor that may be
configured to execute code or instructions to perform the
operations and functionality described herein, manage
request flow and address mappings, and to perform calcu-
lations and generate commands. The processor of controller
501 may be configured to monitor and/or control the opera-
tion of the components 1n data storage controller 501. The
processor may be a general-purpose microprocessor, a
microcontroller, a digital signal processor (DSP), an appli-
cation specific mtegrated circuit (ASIC), a field program-
mable gate array (FPGA), a programmable logic device
(PLD), a controller, a state machine, gated logic, discrete
hardware components, or a combination of the foregoing.
One or more sequences ol instructions may be stored as
firmware on ROM within controller 501 and/or its processor.
One or more sequences ol instructions may be soltware
stored and read from storage medium 502, flash memory
503, or received from host device 504 (e.g., via host inter-
tace 505). ROM, storage medium 302, flash memory 503,

represent examples of machine or computer readable media
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on which instructions/code executable by controller 501
and/or i1ts processor may be stored. Machine or computer
readable media may generally refer to any medium or media
used to provide instructions to controller 501 and/or its
processor, 1ncluding volatile media, such as dynamic
memory used for storage media 502 or for buflers within
controller 501, and non-volatile media, such as electronic
media, optical media, and magnetic media.

In some aspects, controller 501 may be configured to store
data received from a host device 504 1n tlash memory 503
in response to a write command from host device 504.
Controller 501 1s further configured to read data stored 1n
flash memory 503 and to transier the read data to host device
504 in response to a read command from host device 504.

Host device 504 represents any device configured to be
coupled to data storage system 300 and to store data in data
storage system 3500. Host device 504 may be a computing
system such as a personal computer, a server, a workstation,
a laptop computer, PDA, smart phone, and the like. Alter-
natively, host device 504 may be an electronic device such
as a digital camera, a digital audio player, a digital video
recorder, and the like.

In some aspects, storage medium 502 represents volatile
memory used to temporarily store data and information used
to manage data storage system 500. According to aspects of
the subject technology, storage medium 502 i1s random
access memory (RAM) such as double data rate (DDR)
RAM. Other types of RAM also may be used to implement
storage medium 502. Memory 502 may be implemented
using a single RAM module or multiple RAM modules.
While storage medium 502 1s depicted as being distinct from
controller 501, those skilled 1n the art will recognize that
storage medium 502 may be incorporated mto controller 501
without departing from the scope of the subject technology.
Alternatively, storage medium 502 may be a non-volatile
memory such as a magnetic disk, flash memory, peripheral
SSD, and the like.

As further depicted in FIG. 5, data storage system 500
may also iclude host interface 505. Host interface 505 may
be configured to be operably coupled (e.g., by wired or
wireless connection) to host device 504, to receive data from
host device 504 and to send data to host device 504. Host
interface 5035 may include electrical and physical connec-
tions, or a wireless connection, for operably coupling host
device 504 to controller 501 (e.g., via the I/O iterface of
controller 501). Host interface 505 may be configured to
communicate data, addresses, and control signals between
host device 504 and controller 501. Alternatively, the 1/O
interface of controller 501 may include and/or be combined
with host interface 505. Host interface 505 may be config-

ured to implement a standard interface, such as Serial-
Attached SCSI (SAS), Fiber Channel interface, PCI Express

(PCle), SATA, USB, and the like. Host interface 305 may be
configured to implement only one interface. Alternatively,
host intertace 505 (and/or the I/O interface of controller 501)
may be configured to implement multiple interfaces, which
may be individually selectable using a configuration param-
cter selected by a user or programmed at the time of
assembly. Host interface 505 may include one or more
buflers for bullering transmissions between host device 504
and controller 501.

Flash memory 503 represents a non-volatile memory
device for storing data. According to aspects of the subject
technology, flash memory 503 includes, for example, a
NAND flash memory. Flash memory 503 may include a
single flash memory device or chip, or, as depicted by FIG.
5, may 1include multiple flash memory devices or chips
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arranged 1n multiple channels. Flash memory 503 1s not
limited to any particular capacity or configuration. For
example, the number of physical blocks, the number of
physical pages per physical block, the number of sectors per
physical page, and the size of the sectors may vary within the
scope of the subject technology.

Flash memory may have a standard interface specification
so that chips from multiple manufacturers can be used
interchangeably (at least to a large degree). The interface
hides the inner working of the flash and returns only
internally detected bit values for data. In aspects, the inter-
face of flash memory 503 1s used to access one or more
internal registers 306 and an internal flash controller 307 for
communication by external devices. In some aspects, reg-
isters 506 may include address, command, and/or data
registers, which internally retrieve and output the necessary
data to and from a NAND memory cell array 3508. For
example, a data register may include data to be stored 1n
memory array 508, or data after a fetch from memory array
508, and may also be used for temporary data storage and/or
act like a bufler. An address register may store the memory
address from which data will be fetched to host 504 or the
address to which data will be sent and stored. In some
aspects, a command register 1s included to control parity,
interrupt control, and the like. In some aspects, internal flash
controller 507 1s accessible via a control register to control
the general behavior of tlash memory 503. Internal tlash
controller 507 and/or the control register may control the
number of stop bits, word length, recerver clock source, and
may also control switching the addressing mode, paging
control, coprocessor control, and the like.

In some aspects, registers 506 may also include a test
register. The test register may be accessed by specific
addresses and/or data combinations provided at the interface
of flash memory 503 (e.g., by specialized software provided
by the manufacturer to perform various tests on the internal
components of the tlash memory). In further aspects, the test
register may be used to access and/or modily other internal
registers, for example the command and/or control registers.
In some aspects, test modes accessible via the test register
may be used to mput or modily certain programming
conditions of flash memory 3503 (e.g., read levels) to
dynamically vary how data 1s read from the memory cells of
memory arrays 508. Registers 506 may also include one or
more data latches coupled to tlash memory 503.

It should be understood that in all cases data may not
always be the result of a command received from host 504
and/or returned to host 504. In some aspects, Controller 501
may be configured to execute a read operation independent
of host 504 (e.g., to verily read levels or BER). The predicate
words “configured to”, “operable to”, and “programmed to™
as used heremn do not mmply any particular tangible or
intangible modification of a subject, but, rather, are intended
to be used interchangeably. For example, a processor con-
figured to monitor and control an operation or a component
may also mean the processor being programmed to monitor
and control the operation or the processor being operable to
monitor and control the operation. Likewise, a processor
configured to execute code can be construed as a processor
programmed to execute code or operable to execute code.

Controller 507 may perform the operations 1dentified in
blocks 411-414. Controller 507 may cause the operations
identified 1n blocks 411-414 to occur, or controller 501 may
provide instructions to cause or facilitate controller 507 (and
registers 506) to perform operations identified 1n blocks

411-414.
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Various examples of aspects of the disclosure are
described below. These are provided as examples, and do not
limit the subject technology.

One or more aspects of the subject technology provide a
data storage device that may include a flash memory and a
controller. The controller may be configured to program, 1n
a {irst phase, a first portion of data into the memory cells 1n
a first-level cell mode. The controller may also be configured
to read, from the memory cells, the programmed first portion
of the data. The controller may also be configured to
program, 1n a second phase, a second portion of the data into
the memory cells 1n a second-level cell mode, wherein
programming the second phase 1s based on applying, to the
read first portion of the data, a mapping from the first-level
cell mode to the second-level cell mode. The mapping may
be based on minimizing an average voltage change of the
memory cells from the first phase to the second phase while
maintaining a balanced Gray code for memory pages in the
second-level cell mode, wherein a difference between tran-
sition counts of any two pages of the memory pages does not
exceed a predetermined transition count difference, and a
sum of the transition counts for all of the memory pages does
not exceed a maximum number of programming levels in
the second-level cell mode.

In other aspects, methods are provided for programming,
multi-level memory cells using an optimized multiphase
mapping with a balanced Gray code. According to some
aspects, a method may include programming, in a first
phase, a first portion of data into memory cells 1n a first-level
cell mode. The method may also include reading, from the
memory cells, the programmed first portion of the data. The
method may also include programming, 1n a second phase,
a second portion of the data into the memory cells 1n a
second-level cell mode, wherein programming the second
phase 1s based on applying, to the read first portion of the
data, a mapping {rom the first-level cell mode to the second-
level cell mode. The method may also include determining
the mapping based on mimmizing an average voltage
change of the memory cells from the first phase to the
second phase while maintaining a balanced Gray code for
memory pages in the second-level cell mode, wherein the
maintaining comprises having transition counts between
every two adjacent pages of the memory pages not exceed-
ing a predetermined transition count difference.

In further aspects, a system may include means for
programming, in a first phase, a first portion of data into
memory cells m a multi-level cell (MLC) mode without
writing to a bufler separate from the memory cells. The
system may also include means for reading, from the
memory cells, the programmed first portion of the data. The
system may also include means for programming, in a
second phase, a second portion of the data into the memory
cells mn a quad-level cell (QLC) mode, wherein program-
ming the second phase 1s based on applying, to the read first
portion of the data, a mapping from the MLC mode to the
QLC mode. The system may also include means for select-
ing the mapping from a plurality of candidate mappings
based on means for minimizing an average voltage change
of the mapping from the MLC mode to the QLC mode and
means for maintaining a balanced Gray code for memory
pages 1n the QLC mode.

Various implementations of the methods and systems for
programming multi-level memory cells using an optimized
multiphase mapping with a balanced Gray code provide
several performance advantages that improve the function-
ing of the storage device. A host computer that interfaces
with the storage device 1s also provided with improved
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functioning by operating the storage device with higher read
and write performance and storage capacity. Thus, the
described methods and systems provide performance ben-
efits that improve the functioning of a storage device and a
host computer.

It 1s understood that other configurations of the subject
technology will become readily apparent to those skilled in
the art from the detailed description herein, wherein various
configurations of the subject technology are shown and
described by way of illustration. As will be realized, the
subject technology 1s capable of other and different configu-
rations and 1ts several details are capable of modification in
various other respects, all without departing from the scope
of the subject technology. Accordingly, the drawings and
detailed description are to be regarded as illustrative 1n
nature and not as restrictive.

Those of skill in the art would appreciate that the various
illustrative blocks, modules, elements, components, meth-
ods, and algorithms described herein may be implemented
as electronic hardware, computer software, or combinations
of both. To 1llustrate this interchangeability of hardware and
software, various illustrative blocks, modules, elements,
components, methods, and algorithms have been described
above generally 1n terms of their functionality. Whether such
functionality 1s i1mplemented as hardware or software
depends upon the particular application and design con-
straints imposed on the overall system. Skilled artisans may
implement the described functionality 1n varying ways for
cach particular application. Various components and blocks
may be arranged differently (e.g., arranged in a diflerent
order, or partitioned in a different way) all without departing
from the scope of the subject technology.

It 1s understood that the specific order or hierarchy of
steps 1n the processes disclosed 1s an 1llustration of exem-
plary approaches. Based upon design preferences, 1t 1s
understood that the specific order or hierarchy of steps in the
processes may be rearranged. Some of the steps may be
performed simultaneously. The accompanying method
claims present elements of the various steps in a sample
order, and are not meant to be limited to the specific order
or hierarchy presented.

The previous description 1s provided to enable any person
skilled 1n the art to practice the various aspects described
herein. The previous description provides various examples
of the subject technology, and the subject technology 1s not
limited to these examples. Various modifications to these
aspects will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to
other aspects. Thus, the claims are not intended to be limited
to the aspects shown herein, but 1s to be accorded the full
scope consistent with the language claims, wherein refer-
ence to an element 1n the singular 1s not mtended to mean
“one and only one” unless specifically so stated, but rather
“one or more.” Unless specifically stated otherwise, the term
“some” refers to one or more. Pronouns in the masculine
(e.g., his) include the feminine and neuter gender (e.g., her
and 1ts) and vice versa. Headings and subheadings, 11 any,
are used for convenience only and do not limit the subject
technology.

A phrase such as an “aspect” does not imply that such
aspect 1s essential to the subject technology or that such
aspect applies to all configurations of the subject technology.
A disclosure relating to an aspect may apply to all configu-
rations, or one or more configurations. An aspect may
provide one or more examples. A phrase such as an aspect
may refer to one or more aspects and vice versa. A phrase
such as an “embodiment” does not imply that such embodi-
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ment 1s essential to the subject technology or that such
embodiment applies to all configurations of the subject
technology. A disclosure relating to an embodiment may
apply to all embodiments, or one or more embodiments. An
embodiment may provide one or more examples. A phrase
such as an “embodiment” may refer to one or more embodi-
ments and vice versa. A phrase such as a “configuration”
does not imply that such configuration 1s essential to the
subject technology or that such configuration applies to all
configurations of the subject technology. A disclosure relat-
ing to a configuration may apply to all configurations, or one
or more configurations. A configuration may provide one or
more examples. A phrase such as a “configuration” may
refer to one or more configurations and vice versa.

The word “exemplary” 1s used herein to mean “serving as
an example or 1llustration.” Any aspect or design described
herein as “exemplary” 1s not necessarily to be construed as
preferred or advantageous over other aspects or designs.

All structural and functional equivalents to the elements
of the various aspects described throughout this disclosure
that are known or later come to be known to those of
ordinary skill in the art are expressly incorporated herein by
reference and are intended to be encompassed by the claims.
Moreover, nothing disclosed herein 1s itended to be dedi-
cated to the public regardless of whether such disclosure 1s
explicitly recited 1n the claims. No claim element 1s to be
construed under the provisions of 35 U.S.C. § 112, sixth
paragraph, unless the element 1s expressly recited using the
phrase “means for” or, 1n the case of a method claim, the
clement 1s recited using the phrase “step for.” Furthermore,
to the extent that the term “include,” “have,” or the like 1s
used 1n the description or the claims, such term 1s intended
to be inclusive in a manner similar to the term “comprise”
as “comprise’ 1s interpreted when employed as a transitional
word 1n a claim.

What 1s claimed 1s:

1. A data storage device, comprising:

a flash memory comprising memory cells; and

a controller configured to:

program, 1n a first phase, a first portion of data into the
memory cells 1n a first-level cell mode;

read, from the memory cells, the programmed {irst portion

of the data; and

program, 1n a second phase, a second portion of the data

into the memory cells in a second-level cell mode,
based on applying, to the read first portion of the data,
a mapping from the first-level cell mode to the second-
level cell mode,

wherein the mapping i1s based on minimizing an average

voltage change of the memory cells from the first phase
to the second phase while maintaining a balanced Gray
code for memory pages 1n the second-level cell mode,
wherein a difference between transition counts of any
two pages ol the memory pages does not exceed a
predetermined transition count difference, wherein a
sum of the transition counts for all of the memory pages
does not exceed a maximum number of programming,
levels 1n the second-level cell mode,

wherein for the first phase, the controller 1s configured to

program the first portion of the data into the memory
cells 1n the first-level cell mode, to provide a first set of
significant bits for two pages of the memory cells,
across a first voltage distribution having a first plurality
of states,

wherein for the second phase, the controller 1s configured

to program the first portion of the memory cells in the
second-level cell mode, to provide a second set of
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significant bits for two pages corresponding to the two reading, from the memory cells, the programmed first
pages associated with the first phase, across a second portion of the data;
voltage distribution having a second plurality of states, programming, in a second phase, a second portion of the
based on the first set, data 1into the memory cells 1n a second-level cell mode,
wherein a number of transition counts for each page of the 5 wherein programming the second phase is based on
two pages associated with the first phase 1s different applying, to the read first portion of the data, a mapping

from a number of transition counts for a corresponding
page of the two pages associated with the second phase,

from the first-level cell mode to the second-level cell
mode; and

and .. . Ce
. . . _ _ determiming the mapping based on minimizing an average
wherein the predetermined transition count diflerence 1s 10 5 bbe S S
| voltage change of the memory cells from the first phase

to the second phase while maintaining a balanced Gray
code for memory pages 1n the second-level cell mode,
wherein the maintaining comprises having transition
counts between every two adjacent pages ol the
memory pages not exceeding a predetermined transi-

2. The data storage device of claim 1, wherein a width of
a state distribution in the memory cells in the first phase 1s
different from a sum of widths of corresponding state
distributions 1n the memory cells in the second phase 15
according to the mapping.

3. The data storage device of claim 1, wherein widths of tion count difference,
state distributions of the memory cells 1n the first phase are wherein the programming, in the first phase, the first
not uniform. portion of data comprises programming the first portion
4. The data storage device of claim 1, wherein the sum of 20 of the data into the memory cells 1n the first-level cell
the transition counts equals the maximum number of pro- mode, to provide a first set of significant bits for two
gramming levels 1n the second-level cell mode. pages of the memory cells, across a first voltage dis-
5. The data storage device of claim 4, wherein the tribution having a first plurality of states,
controller 1s configured to read, from the memory cells, at wherein the second phase comprises programming the
least a subset of the programmed first portion of the data 25 first portion of the memory cells in the second-level cell
without using error correction. mode, to provide a second set of significant bits for two
6. The data storage device of claim 1, wherein the pages corresponding to the two pages associated with

controller 1s configured to not store the first portion of data
in a buller separate from the memory cells.

7. The data storage device of claam 1, wherein the 30
controller 1s configured to retrieve the mapping as a prede-
termined value stored 1n the data storage device.

8. The data storage device of claim 1, wherein minimizing
the average voltage change comprises:

determining a total voltage change caused by the second 35

phase with respect to all of the programming levels in
the second-level cell mode:

the first phase, across a second voltage distribution
having a second plurality of states, based on the first
set,

wherein a number of transition counts for each page of the
two pages associated with the first phase 1s difierent
from a number of transition counts for a corresponding

page of the two pages associated with the second phase,
and

wherein the predetermined transition count difference 1s

dividing the total voltage change by the maximum num- L.
ber of programming levels in the second-level cell 12. The method of claim 11, wherein a width of a state
mode: and 40 distribution 1n the memory cells 1n the first phase 1s less than
determining that the divided total voltage satisfles a a sum of widths of corresponding state distributions 1n the
threshold voltage range. memory cells 1n the second phase according to the mapping.
9. The data storage device of claim 8, wherein determin- 13. The method of claam 11, wherein programming the
ing the total voltage change comprises weighting at least one first portion of data does not store the first portion of data 1n
programming level of the programming levels. 45 a bufler separate from the memory cells.
10. The data storage device of claim 1, wherein the 14. The method of claim 13, wherein reading, from the
controller 1s configured to: memory cells, the programmed first portion of the data
set the memory cells mto the first-level cell mode, to comprises reading at least a subset of the first portion of the
configure the memory cells 1n the first-level cell mode data without using error correction.
to store a first number of bits per cell; 50  15. The method of claim 11, wherein the average voltage
set the memory cells 1into the second-level cell mode, to change 1s weighted for at least one programmed state of the
configure the memory cells 1n the second-level cell second-level cell mode.
mode to store a second number of bits per cell, wherein 16. A system, comprising:
the second number of bits per cell 1s greater than the means for programming, in a {irst phase, a first portion of
first number of bits per cell; 55 data into memory cells 1n a multi-level cell (MLC)
program the memory cells 1n the first-level cell mode to mode without writing to a buller separate from the
provide the first voltage distribution having a first memory cells;
maximum voltage; and means for reading, from the memory cells, the pro-
program the memory cells 1n the second-level cell mode grammed first portion of the data;
to provide the second voltage distribution having a 60  means for programming, 1n a second phase, a second
second maximum voltage, portion of the data into the memory cells 1n a quad-level
wherein the second maximum voltage 1s greater than the cell (QLC) mode, based on applying, to the read first
first maximum voltage. portion of the data, a mapping from the MLC mode to
11. A method implemented using one or more controllers the QLC mode; and
for one or more storage devices, the method comprising: 65  means for selecting the mapping from a plurality of
programming, in a {irst phase, a first portion of data into candidate mappings based on means for minimizing an

memory cells 1n a first-level cell mode; average voltage change of the mapping from the MLC
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mode to the QLC mode and means for maintaining a wherein the means for maintaining the balanced Gray
balanced Gray code for memory pages in the QLC code comprises means for preventing transition counts
mode, between every two adjacent ones of the memory pages

wherein the means for programming, 1n the first phase, the

_ : from exceeding a difference of 1.
first portion of the data comprises means for program- s

ming the first portion of the data into the memory cells 17. The system of claim 16, wherein the means for
in the MLC mode, to provide a first set of significant maintaining the balanced Gray code means for providing a
bits for two pages of the memory cells, across a first sum of the transition counts for all of the memory pages to
voltage distribution having a first plurality of states, equal 15.

wherein the system comprises means for programming, in 1, 18. The system of claim 16, wherein a width of a state

the second phase, the first portion of the memory cells distribution 1n the memory cells 1n the first phase 1s greater

- the QLC mode, to provide a sgcond set of significant than a sum of widths of corresponding state distributions in
bits for two pages corresponding to the two pages

, , the memory cells 1n the second phase according to the
associated with the first phase, across a second voltage v P 2

o . . mapping.
distribution having a second plurality of states, based s PPHS | |
on the first set. 19. The system of claim 16, wherein the means for
wherein a number of transition counts for each page of the reading, from the memory cells, the programmed first por-
two pages associated with the first phase is different tion of the data 1s configured to read at least a subset of the
from a number of transition counts for a corresponding first portion of data without using error correction.

page of the two pages associated with the second phase,
and
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